We present a study of nearby galaxies as a function of their We calculate the number density of galaxies, in the form of the luminosity and mass functions, using the V/Vmax method and a Stepwise Maximum Likelihood method that has been modified to account for the additional colour selection. The reddest galaxies which have [3.4]-[4.6] > 0.8 and are sometimes classified as AGN by their colour, make up 0.2% of nearby galaxies. However, the reddest galaxies are a rising fraction of the low mass galaxy population. Identifying the lowest mass (M < 10 8 M ⊙ ) red ([3.4]-[4.6] > 0.8) galaxies as AGN is surprising given that none are optical AGN or composites, in contrast with their more massive (M > 10 10 M ⊙ ) red galaxy counterparts that are dominated by optical AGN and composites (86.4%). We also show that these low mass red galaxies are associated with higher specific star formation rates than their bluer counterparts. While the properties of this relatively rare segment of nearby low-mass galaxies are intriguing, particularly if they are associated with AGN activity, there is not yet enough evidence to determine whether it is AGN or unusual star formation that is driving red colours in these systems.
INTRODUCTION
Infrared (IR) colours of galaxies observed by the WideField Infrared Survey Explorer (WISE) provide a probe of hot dust emission (Jarrett et al. 2011; Donley et al. 2012; Mateos et al. 2012; Stern et al. 2012) . Active galactic nuclei (AGN) activity and star formation are the dominant processes that heat the dust and thus galaxies with very red [3.4]-[4.6] (W1 -W2) colours provide a probe of the most extreme interstellar medium environments. The luminosity and mass functions of galaxies with red W1 -W2 colours measure the prevalence of these extreme environments in the local universe.
AGNs have a hard radiation field that, in dusty systems, is absorbed and re-radiated in the infrared. The spectral energy distributions (SEDs) of AGNs are predicted to ⋆ E-mail: joconno5@gmu.edu display power law slopes (fν ∝ ν α with α < −0.5) (Alonso- Herrero et al. 2006 ) in the infrared producing red colours in W1 -W2 (or equivalently the [3.6] -[4.5] Spitzer bands; Richards et al. 2006; Polletta et al. 2007; Assef et al. 2010) . Observationally Yan et al. (2013) have shown that QSOs and some Seyfert galaxies selected from the Sloan Digital Sky Survey (SDSS) have redder W1 -W2 colours than star-forming galaxies. Jarrett et al. (2011) , Stern et al. (2012) , and Mateos et al. (2012) have created AGN selection criteria based primarily on a galaxy's W1 -W2 colour, though Jarrett et al. (2011) and Mateos et al. (2012) also make use of W2 -W3 ([4.6] -[12] ) colour in their diagnostics. For W1 -W2 > 0.8, 95% of the galaxies in the COSMOS field are AGNs (Stern et al. 2012 ). This selection technique is particularly sensitive to heavily obscured or Compton-Thick AGN, which may not be visible in optical or X-ray wavelengths (Goulding et al. 2011; Assef et al. 2013; Mateos et al. 2013; Rovilos et al. 2014; Stern et al. 2014) .
While the aforementioned work shows that AGNs can have extreme MIR colours, extreme star formation may also heat the dust in galaxies and lead to excess emission in the longer wavlelengths of WISE (Schaerer & de Koter 1997; Ranalli et al. 2003; Charmandaris et al. 2008) . Longer midinfrared wavelengths such as MIPS 24µm (Kennicutt 1998) , W3 (12µm) and W4 (22µm) (Jarrett et al. 2013; Lee et al. 2013) , and IRAC 4 (8µm) (Calzetti et al. 2007; Bendo et al. 2008) are used for measurments of star formation rates for this reason. Satyapal et al. (2014) found that the fraction of galaxies in the local universe with extreme mid-infrared colours is higher in low mass galaxies than at high stellar masses. It is unclear why the number of red low mass galaxies is so large and whether the dominant cause of their dust heating is extreme star formation or AGN activity. We examine the number density of these systems and their contribution to the overall galaxy population and properties from the optical spectra which may explain the nature of their nuclear activity. Throughout this paper we will use H0=70 km s −1
Mpc
−1 , Ωm=0.3 and ΩΛ=0.7.
SAMPLE SELECTION
Our galaxy sample is selected from the Sloan Digital Sky Survey (SDSS) data release 7 (DR7) catalogue (Abazajian et al. 2009 ) and includes all spectroscopic objects in the Legacy area with SpecPhoto.specClass=2 (Galaxies) or SpecPhoto.specClass=3 (QSOs), 0.005 ≤ z ≤ 0.1 and the Petrosian r-band magnitude, corrected for Galactic extinction (Schlegel et al. 1998 ), 14.0 ≤ r ≤ 17.77. The SDSS Legacy Survey is a spectroscopic and photometric optical survey covering over 8000 deg −2 on the sky. The faint magnitude limit, r=17.77, represents the completeness limit of the DR7 spectroscopic sample (Strauss et al. 2002) . On the other hand, galaxies with r < 14 may have unreliable photometry due to shredding (Strauss et al. 2002) . The resulting sample contains ≈315,000 galaxies.
The SDSS sample was matched, within 3 ′′ , with galaxies in the AllWISE Catalogue (Wright et al. 2010; Mainzer et al. 2011; Cutri et al. 2013) 1 that have S/N > 5.0 at both 3.4 µm (W1) and 4.6 µm (W2). The angular resolution of WISE is approximately 6 ′′ in the W1 and W2 bands. Out of the SDSS galaxies with WISE matches (315251 galaxies or 99.7% of the SDSS sample), 6837 (2.2%) have two WISE matches and 67 (0.002%) have 3 WISE matches. In the infrared and optical images, these multiple matches appear to be single galaxies that WISE identifies two or three times, generally with the WISE position straddling the centre of the galaxy, although it is not clear why in these limited cases WISE separated the galaxies into two or three infrared sources. For these systems the photometry for the source closest to the SDSS spectrum was used. Only 0.8% of galaxies with W1 -W2 > 0.3 have multiple WISE sources where the closest source to the SDSS spectrum is not also the brightest. For galaxies that are resolved in WISE, the difference in resolution can cause an underestimation of the W1 band profile flux. Therefore, in the case of sources with 1 http://irsa.ipac.caltech.edu/Missions/wise.html w1rchi2 > 2 we use 11 ′′ aperture photometry in the W1 and W2 bands instead of the profile magnitudes. 1.4% of randomly selected positions within the SDSS footprint (for a selection of 4400 sources) have a match in the ALLWISE catalogue within 3 ′′ that has W1 and W2 S/N ≥ 5.0 so almost all of the matches are expected to be legitimate. Stellar masses for the galaxies were obtained from the NYU-VAGC (Blanton et al. 2005b; Blanton & Roweis 2007) 2 which were derived from principal component analysis fits to stellar templates. Emission line fluxes used to calculate star formation rates (Brinchmann et al. 2004 ) and metallicities were obtained from the MPA-JHU catalogue 3 . This catalogue contains line fluxes corrected for stellar absorption using the Bruzual & Charlot (2003) stellar population templates.
METHODS
We compute the luminosity and stellar mass functions for the galaxies in our sample using the 1/VMax (Schmidt 1968) method and a modified form of the stepwise maximum likelihood method (SWML; Efstathiou et al. 1988) which are not susceptible to the same biases and therefore provide a check on the results.
The 1/VMax method is used to calculate the number of galaxies per luminosity, absolute magnitude, or stellar mass bin weighted according to the volume in which each galaxy could have been detected. For each galaxy in the sample there are both a minimum and a maximum distance at which it would be included in the Vmax volume. The lower bound to the distance is the larger value of 21 Mpc (defined by the z=0.005 minimum redshift for the sample) or the minimum distance at which the galaxy would be included in the sample based on the bright limit r > 14.0 for galaxies in the sample. The maximum comoving distance is 418 Mpc (defined by the redshift limit of the sample z=0.1) or the maximum distance based on the faint limit, r < 17.77 for galaxies in the sample.
The 1/VMax method has the advantage of being a relatively simple calculation with built-in normalization, but it relies on the assumption that galaxies are distributed homogeneously throughout the survey volume. The value of < V V M ax > for this sample is 0.4877±0.0005 where a value of 0.5 indicates an evenly distributed sample. The CfA Great Wall (Geller & Huchra 1989) and the Coma Cluster (Harrison et al. 2010) contribute to an excess of galaxies at 0.02 < z < 0.04 while the SDSS Great Wall (Gott et al. 2005 ) is responsible for an excess near z≈0.08. To mitigate the impact of large-scale seen in Figure 1 structure on the number density the 1/VMax values have been corrected by a factor of n, the number of galaxies in the SDSS sample that are within a given redshift range divided by the number of galaxies expected to fall in that range if they are distributed according to the Blanton et al. (2005a) r-band luminosity function.
Modified Stepwise Maximum Likelihood Method
The stepwise maximum likelihood method (SWML) (Efstathiou et al. 1988) for measuring the luminosity and mass functions of galaxies has the advantage of being insensitive to cosmic variance within the survey volume. For the purposes of this work we modify the standard SWML technique to account for a galaxy selection (W1-W2 colour) that does not affect the detectability of the galaxy.
In the standard formulation of the SWML method, the number density of galaxies in a given bin of luminosity (or absolute magnitude or stellar mass) is given by:
We derive a normalization for the SWML points by assuming that the total galaxy density within the luminosity range sampled will match that calculated using the 1/VMax method. N k is the number of galaxies in magnitude bin k, H ki is the fraction of bin k in which galaxy i is detectable, N gal and NM are the number of galaxies in the sample and number of absolute magnitude bins, respectively. Equation 1 is iterated upon until all φ k values change by less than 1% between successive iterations. Equation 2 shows the comparable expression for the mass function (Loveday 2000) . In this case the expression is two-dimensional. N jk is the number of galaxies in absolute magnitude bin j and stellar mass bin k and Hji and H ki are the fraction of magnitude bin j and stellar mass bin k in which galaxy i could have been detected.
(2) Because the only limiting quantity is the r-band apparent magnitude, Equation 2 can be simplified by assuming that if galaxy i is detectable in magnitude bin j (Hji > 0) then H ki = 1:
is then summed over magnitude bins j in order to calculate values of φ k (Loveday 2000) .
φ k,x is the number density of galaxies in a given stellar mass or magnitude bin k and W1-W2 colour bin x. This number density is determined by multiplying the number density of the full sample by the probability of a galaxy in bin k falling in colour range x:
The 1-sigma uncertainties for the full sample are calculated from the information matrix (Efstathiou et al. 1988 ). The inverse of this matrix contains the variance in φ k . Uncertainties for subsamples are calculated by adding the uncertainties in φ k in quaderature with the uncertainties from Equation 4.
RESULTS
Figures 2 and 3 show the luminosity and stellar mass functions for galaxies in our sample (black circles) as well as for subsamples with infrared colours W1 -W2 ≥ 0.3 (blue stars), W1 -W2 ≥ 0.5 (green triangles) and W1 -W2 ≥ 0.8 (red squares). In order to distinguish values determined using the 1/VMax method (filled points, solid lines) from those determines using the SWML method (open points, dotted lines), the SWML points have all been multiplied by 1.5. Without this artificial separation, the results of the two methods lie on top of one another. Solid lines represent the best fit Schechter functions to the 1/VMax points. The details of the functions will be discussed later in this Figure 1 . The cumulative number of galaxies as a function of redshift in this sample (solid histogram). The dashed line shows the cumulative number of galaxies expected as a function of redshift assuming the SDSS DR2 luminosity function (Blanton et al. 2005a ).
section. The 1/VMax and SWML methods yield luminosity and stellar mass functions with similar shapes indicating that the structure is not due to cosmic variance within the survey volume.
The 1/VMax and SWML functions are in good agreement with the yellow points in Figure 2 which show the SDSS DR6 r-band luminosity function from Montero-Dorta & Prada (2009) . Figure 3 shows the total stellar mass function (black) plotted alongside the mass function results from Baldry et al. (2012) (yellow) . The downturn at the low mass end of the stellar mass function is due to surface brightness incompleteness in the SDSS sample and is also seen in Baldry et al. (2008) and Baldry et al. (2012) . Due to this incompleteness, all points below log(M/M⊙)=8 and Mr=-16.5 (dashed lines in Fig Schecter functions with two characteristic number densities (φ * 1 , φ * 2 ), one characteristic magnitude or stellar mass (M * ) and two power law slopes (α1, α2) were fit to the points brighter than the surface brightness incompleteness limit. This double Schecter form is the same one used in Blanton et al. (2005a) and Baldry et al. (2012) . Parameters of the best fit functions are listed in Tables 1 and 2 .
The Schecter functions for galaxies with W1 -W2 ≥ 0.3, 0.5, and 0.8 have two components such that the luminosity functions "dip" at intermediate luminosities. This dip can be seen in Figure 2 and in the values for α1 (the power law slope of the high luminosity population) α1=0.463, α1=0.473 and α1=0.217 (Table 1 ). This slope is in the opposite direction of the one measured for the full sample, α1=-0.244. The mass functions in Figure 3 and Table 2 show a similar pattern. For the full stellar mass function, α1=-0.557 indicating a smooth transition between the high and low mass galaxy populations. However, the values of α1 for W1 -W2 ≥ 0.3, 0.5 and 0.8 are much higher (α1=-0.137, 0.423, 0.479). This is evident as a decrease in the number density from the high to intermediate stellar mass population of red galaxies in Figure 3 .
In addition to this dip, the power law slopes of the red low mass/low luminosity galaxies are much steeper than those of the total stellar mass and luminosity functions. For the total stellar mass function, α2=-1.524. This becomes steeper (more negative) for redder galaxy populations. The values of α2 decrease from -1.804 at W1 -W2 ≥ 0.3 to -1.892 at W1 -W2 ≥ 0.5 and -1.487 for galaxies with W1 -W2 ≥ 0.8. The faint end slopes of the luminosity functions display a similar trend with values decreasing from α2=-1.438 for the full sample to α2=-1.973 for galaxies with W1-W2≥0.8.
The functional forms of the galaxy luminosity and stellar mass functions are bimodal for W1 -W2 ≥ 0.3. The low mass components come close to dominating by number density. Galaxies with Mr > -18 comprise 46.7% of the total number density (comparing to galaxies with -24 < Mr < -16.5). For galaxies with W1 -W2 ≥ 0.5 almost 52% of galaxies have Mr > -18. However, red galaxies do not make up a large fraction of the total number density. Galaxies with W1 -W2 ≥ 0.3, 0.5 and 0.8 only account for 5.6, 0.7 and 0.2% of the number density of galaxies. Low mass galaxies (log(M/M⊙) <9) make up 69.4% of galaxies (8 <log(M/M⊙) < 12) with W1 -W2 ≥ 0.3, 62.9% with W1 -W2 ≥ 0.5 and 29.9% with W1 -W2 ≥ 0.8.
Increasing the S/N selection threshold from 5.0 to 10.0 in the W1 and W2 bands for inclusion in our galaxy sample results in a decrease in the number density of galaxies at low masses and luminosities but due to the compact nature of the red WISE sources (discussed further in Section 5.1) this mainly affects the samples with W1 -W2 < 0.5. In addition, using the IRAF task ELLIPSE to calculate the photometry for 60 galaxies spanning a range of W1-W2 colour, S/N and angular size and comparing them to the values in the ALL-WISE catalogue shows no significant trends in the catalogue colours as a function of any of these properties. The average offset between the W1-W2 colours from the AllWISE catalogue and the IRAF photometry is 0.005 mag. In short, there is no evidence that the red colours of these galaxies are artifacts of poor photometry.
Optical Nuclear Activity Classification
The classifications of galaxies in Figure 4 are based on optical emission line ratios with divisions between star-forming, composite, and AGN regions from Kewley et al. (2001) and Kauffmann et al. (2003) . The AGN classification includes both broad and narrow line systems. Galaxies are unclassified if they have S/N<3 for the Hα, Hβ, [O iii 5007] or [N ii 6584] lines. As in Figure 3 , points below 10 8 M⊙ are effected by surface brightness incompleteness and are, therefore, lower limits. Figure 4 shows that optically classified AGNs are found almost exclusively at high stellar masses, in agreement with Kauffmann et al. (2003) . However, the majority of high stellar mass galaxies are optically unclassified because they lack strong emission lines. Similarly, nearly all massive galaxies with W1-W2 > 0.5 and W1 -W2 > 0.8 are strongly dominated by AGNs in agreement with both the optically selected AGN samples of Kauffmann et al. (2003) and the Xray and IR-selected samples of Xue et al. (2010) . The fraction of optically classified AGNs drops rapidly towards lower masses. For all infrared colours, the optical emission lines of low mass galaxies are dominated by star formation, consistent with the optical emission line studies of Kewley et al. (2006) .
The Impact of Metallicity and Specific Star
Formation Rates on Galaxy Colour Figure 5 shows the average specific star formation rates (sSFRs), Sérsic indices (n) and metallicities for galaxies with W1 -W2 < 0.3 in bins of stellar mass (black points). Note that the black points in each panel are the same. The red points show the average sSFRs, Sérsic indices and metallicities for galaxies with W1 -W2 ≥ 0.3 (left), W1 -W2 ≥ 0.5 (middle), and W1 -W2 ≥ 0.8 (right). Specific star formation rates and metallicities are drawn from the MPA-JHU catalogue (Brinchmann et al. 2004; Tremonti et al. 2004) . Sérsic indices come from Table 3 noted that the sSFRs in low mass galaxies may be susceptible to bias due to their low masses even if there is relatively little star formation. There is also a possibility that AGN activity may falsely bolster the star formation rates of these galaxies, though the positions of low mass galaxies on the BPT diagram imply little optical input from the AGNs (if present) to the Hα emission line fluxes. Figure 5 indicates that galaxies with red colours in the infrared follow a similar trend in metallicity to those with bluer colours with lower mass galaxies exhibiting lower metallicities. There is some evidence for lower metallicities for the lowest mass, reddest galaxies but it is only a 3.2-σ effect.
DISCUSSION

Galaxy Populations as a Function of Mass
The change in slope between high and low mass galaxies in the mass and luminosity functions of red galaxies points to two separate populations of red galaxies. By mass these populations are well aligned with the red sequence (massive galaxies) and the blue cloud (low mass galaxies) as demonstrated by Blanton et al. (2005a) and Baldry et al. (2008) . Morphologically the massive red galaxies have larger average Sérsic indices than the lower mass systems, but the scatter is large within individual stellar mass bins.
Starburst galaxies and AGN can both redden galaxy colours such that W1 -W2 > 0.5 (Jarrett et al. 2011; Wright et al. 2010) . Most (85.4%) high mass (M/M⊙ > 10 10 ) red (W1 -W2 > 0.5) galaxies are optically classified as AGN or composites while 85.8% of low mass (10 8 < M/M⊙ < 10 9 ) red galaxies are optically classified as starforming systems. The differences in optical classifications of red galaxies as a function of stellar mass indicates that different mechanisms may be responsible for heating the dust (only ∼ 13% of low mass galaxies are unclassified due to low S/N emission lines so this is not the reason for the difference).
The difference in the optical spectral properties of the high and low mass end of the red galaxy population can be interpreted in several different ways: (1) The dust heating Figure 3 . The number density of galaxies in our sample and W1 -W2 colour subsamples as a function of stellar mass. Filled points calculated using the 1/V M ax method and open points are calculated using our modified SWML method. SWML points and errors are shown here multiplied by 1.5 so that they may be more easily differentiable from the 1/V M ax points. Black circles were calculated using the full galaxy sample while the blue stars only include galaxies with W1 -W2 ≥0.3, green triangles only include galaxies with W1 -W2 ≥ 0.5 and red squares only include galaxies with W1 -W2 ≥ 0.8. Solid lines are Baldry et al. (2012) -form Schechter functions fit to the 1/V M ax points above the surface brightness incompleteness line. The dashed line at 10 8 M ⊙ signifies the point below which the mass function is incomplete (See Section 4). Dotted lines are our best fit Schecter functions multiplied by 1.5 so that their normalization is comparable to that of the SWML points. This figure also contains the data points and best fit Schechter function from Baldry et al. (2012) as yellow inverted triangles.
that produces the red colours is powered by different physical processes in high and low mass galaxies -AGNs at the high mass end and star formation at the low mass end; (2) the same AGNs are responsible for the dust heating over the full mass spectrum of galaxies but the AGNs are not optically visible in low mass systems due to the dusty environments; or (3) while AGNs are largely responsible for the dust heating in massive systems AGNs and/or star formation can contribute for low mass galaxies.
For the following discussion, red galaxies refers to systems with W1-W2 > 0.5. This colour cut defines the AGN region in Stern et al. (2012) and Jarrett et al. (2011) and provides better statistics than a colour cut of W1-W2 > 0.8.
Star Formation as a Driver of Dust Heating in
Red Galaxies?
The simplest explanation for the differences in the optical emission line properties of high and low mass red galaxies is a difference in the physical process responsible for heating the dust. For low mass red galaxies the most likely heating mechanism is star formation. Figure 5 shows that low mass red galaxies have higher sSFRs than their bluer counterparts while high mass red and blue galaxies have comparable sSFRs. However, there are known correlations between star formation and AGN activity so a correlation between star formation and red colours does not rule out AGNs as a power source (Netzer et al. 2007; Lutz et al. 2008; Netzer 2009; Woo et al. 2012; Rosario et al. 2012, e.g.) .
One important note on stars being responsible for the red colours is that it must be the heating by young stars rather than the galaxies being red due to the stel- The total stellar mass function in each colour range is shown as black circles. Optical AGNs (broad and narrow line) are shown as red squares, composite galaxies as green triangles, star-forming galaxies as blue stars and unclassified galaxies as yellow inverted triangles. The vertical dashed line is the limit below which the stellar mass function becomes uncertain due to incompleteness. lar colours themselves because stars rarely get this red. Chen et al. (2014) observed dust-free stars in the Milky Way and found that their colours rarely exceed W1 -W2 = 0.25. Faherty et al. (2014) and Nikutta et al. (2014) provide a handful of exceptions to this rule, but the classes of stars that they observe (Wolf-Rayet and PAGB stars) are both rare and unlikely to dominate the colour of an entire galaxy. Similarly, T dwarfs and later-type stars may have W1 -W2 as high as 4.2 but are too dim to dominate the light of a galaxy (Kirkpatrick et al. 2011) . Though the fraction of infrared light contribution may vary significantly from one galaxy to another, Thermally Pulsating Asymptotic Giant Branch (TP-AGB) stars' emission peaks in in the 3-4µm range and has much redder than average [3.6]-[4.5] colour (Meidt et al. 2012; Gerke & Kochanek 2013; Melbourne & Boyer 2013; Villaume et al. 2015) .
While stars themselves make a negligible contribution to these red colours, Calzetti et al. (2010) ; Kennicutt (1998) have shown that young, hot stars can contribute significantly to dust heating through the reproccessing of UV radiation. It has also been noted that redder colours from star formation might be expected in low mass galaxies due to their lower average metallicities (Hunt et al. 2010) . These lower metallicity stars produce a harder radiation field (Lee et al. 2004; Kewley et al. 2004; Moustakas et al. 2006) due to a combination of decreased mass-loss rates, higher Hayashi limits and a lack of line blanketing seen in higher metallicity stars (Levesque et al. 2010 ) and thus additional dust heating. However, Figure 5 shows that the metallicity of the red and blue low mass galaxies is similar so the harder radiation field in low metallicity systems is unlikely to be a key factor in which dwarf galaxies exhibit red colours.
If dust heating by star formation drives the red infrared colours, galaxies with strong, concentrated star formation (e.g., blue compact dwarf galaxies, BCDs) may be more likely to have red galaxy-wide colours. To examine this possibility, we identify the 599 galaxies in this sample classified as BCDs using the criteria of Sánchez Almeida et al. (2008) . Galaxies that are identified as BCDs are more likely to also have red W1 -W2 colors. There is a 5.2 σ difference between the fraction of BCDs and all sample galaxies with W1 -W2 > 0.5 and a 2.5 σ difference for galaxies with W1 -W2 > 0.8. Corroborating the idea that star formation is important in driving the red colours of BCDs, those with W1 -W2 ≥ Figure 5 . From top to bottom, the average specific star formation rates, Sérsic indices and metallicities of sample galaxies as functions of stellar mass and WISE colour. Black circles are the values calculated using only galaxies with W1-W2<0.3 while red triangles are calculated using galaxies with W1-W2≥0.3 (left), W1-W2≥0.5 (middle) and W1-W2≥0.8 (right). All averages are weighted using the inverse of each galaxy's V M ax value. 0.8 all have W2 -W3 > 4 and only 19% (7/37) with W1 -W1 ≥ 0.5 have W2 -W3 ≤ 4. 15.0% and 12.8% of galaxies with W1 -W2 > 0.5 and W1 -W2 > 0.8 in the full sample also have W2 -W3 > 4 (5.7 and 72.7 σ difference, respectively). High W2 -W3 colour is more likely to come from star formation than AGN activity because the colour comes from enhanced PAH features in the W3 band (Jarrett et al. 2013) .
Given that only a small fraction of BCDs show high W1 -W2 colours (Griffith et al. 2011; Izotov et al. 2011 Izotov et al. , 2014 , concentrated star formation is clearly not a sufficient condition for making low mass galaxies red. It is also possible that the red colours in these BCDs are actually powered by AGN. A more detailed study of dust heating by star formation and its contribution to red colours is needed, but it is beyond the scope of this work.
AGN as the Driver of Dust Heating in Red
Galaxies?
Most (85.2%) massive (10 10 < M/M⊙ < 10 12 ) red (W1 -W2 ≥ 0.8) galaxies in this sample are optical AGN or composites. However a growing number of AGNs have been identified in low mass galaxies (Barth et al. 2004; Dong et al. 2007; Greene & Ho 2007; Ghosh et al. 2008; Izotov & Thuan 2008; Jiang et al. 2011; Ho et al. 2012; Reines & Deller 2012; Schramm et al. 2013; Maksym et al. 2014; Moran et al. 2014; Satyapal et al. 2014; Yuan et al. 2014) including He2-10 (1.4×10 9 M⊙) (Reines et al. 2011; Reines & Deller 2012; Whalen et al. 2015) , Mrk 709S (2.5×10 9 M⊙) (Reines et al. 2014 ) and SDSS J1329+3234 (2×10 8 M⊙) (Secrest et al. 2015) . Reines et al. (2013) has found 151 optical AGNs in galaxies with 10 8.5 < M/M⊙ < 10 9.5 , 0.6% of galaxies in this mass range. This fraction of low mass galaxies is similar to the 0.3% of galaxies with W1 -W2 > 0.8. However, only 2 out of 15 (13%) low mass BLAGN in Reines et al. (2013) have W1 -W2 ≥ 0.5 (1 with W1 -W2 ≥ 0.8). Inversely 11 out of 136 (8%) low mass AGNs identified with BPT line ratios have W1 -W2 ≥ 0.5 (8 have W1 -W2 ≥ 0.8) so even if the galaxies with red WISE colours are AGNs, they are generally not the same ones that are optically classified as AGNs.
If AGNs are important for the dust heating in these low mass galaxies, almost all of them would have to be deeply embedded in dust despite these systems generally being thought to have very little dust (Cook et al. 2014; Draine et al. 2007 ). Akylas et al. (2012) find that 5 -50% of AGN could be Compton-thick and still be consistent with the X-ray background, a lower percentage of the overall galaxy population than is contributed by low mass optically star-forming galaxies with W1 -W2 ≥ 0.5 (85%).
We have also examined the 2MASS (Skrutskie et al. 2006 ) colours of our sample galaxies. Only 1.6% of the full sample has J -Ks > 2, which is typical of QSOs (Warren et al. 2000; Hutchings et al. 2003) and only 168, 41 and 10 galaxies with W1 -W2 ≥ 0.3, 0.5 and 0.8 were matched with a 2MASS source in the AllWISE catalog. Three galaxies with 0.3 < W1 -W2 < 0.5 have J -Ks > 2, which is consistent with the 2.7±1.6 sources expected in this category. None of the galaxies with W1 -W2 > 0.5 have red 2MASS colours, but this is also statistically consistent with the 1.6% found in the full sample.
Additional observations are needed to confirm the AGN nature of low mass red W1 -W2 galaxies. X-ray observations with facilities such as Chandra and XMM-Newton have proven effective in uncovering AGN in low mass galaxies (Reines et al. 2011 (Reines et al. , 2013 Secrest et al. 2015) , though as evidenced by the lack of optical emission line visibility, obscuration may be an issue. At z=0, the hard X-ray (2-10 keV) emission of an AGN with NH=10 24 cm −2 is suppressed by more than a factor of 10 (Brightman & Nandra 2011). Fortunately, the higher energy (10-195 keV) emission is reduced by a factor of less than 2 (Brightman & Nandra 2011) . NuSTAR (Harrison et al. 2013 ) is capable of explaining this higher energy (3-79 keV) range and has already observed several obscured and/or low luminosity AGN (Annuar et al. 2015; Lansbury et al. 2014 Lansbury et al. , 2015 Madsen et al. 2015; Ursini et al. 2015; Ricci et al. 2016) .
The launch of the James Webb Space Telescope (Gardner et al. 2006 ) in 2018 will bring about the opportunity to observe the infrared spectra of low mass IR-red galaxies. Though the wavelength range of JWST 's NIRspec and MIRI instruments (0.6-28 µm) is shorter than that of IRS (5-38 µm), it will still be capable of observing spectral features such as the 6.2 µm and 11.3 µm PAH features and high ionization lines like [NeV 14.32µm] and [OIV 25.89µm ] used in AGN diagnostics developed for galaxies observed with IRS (Spoon et al. 2007; Tommasin et al. 2010; Hernán-Caballero & Hatziminaoglou 2011; Magdis et al. 2013; Gruppioni et al. 2016 ).
Implications for Seed Black Hole Models
Two models currently exist for the origin of supermassive black hole seeds at the centres of galaxies: (1) the creation of a seed through the death of a population III star and (2) the direct collapse of a massive gas cloud Volonteri (2012, and references therein) . The fraction of very low mass galaxies with central black holes (occupation fraction) can provide a test of these models, but in practice measuring the occupation fraction in low mass galaxies is difficult to do (Miller et al. 2015) .
van Wassenhove et al. (2010) use these two mechanisms to seed satellites in Milky Way type haloes. The result of the van Wassenhove et al. (2010) study is that the occupation fraction is significantly lower for massive seeds than it is for the population III seeds. To compare with these models which determine the occupation fraction as a function of velocity dispersion, V -band luminosities are derived from the r-band luminosity and g − r colour according to the transformations of Jester et al. (2005) and from those values velocity dispersion is derived using the V -σ relation in van Wassenhove et al. (2010) .
For both models the occupation fraction at z = 0 is one for velocity dispersions above σ = 50 km s −1 . At velocity dispersion of σ <∼32 km s −1 , which corresponds to Mr= -14.4 (just beyond the last point of the full luminosity function), the models begin to diverge with the population III seeds continuing to have an occupation fraction of one while direct collapse model seeds have an occupation fraction of 0.6. At this luminosity the fraction of optical AGN have effectively gone to zero so optical AGN would indicate either a much lower occupation fraction than predicted in either of these models or they predict a rapidly falling fraction of central black holes that are active as galaxy mass decreases.
One possible explanation for the decrease in optical AGN at lower masses is the increase in the number of AGN that are embedded in dust. Given that these are the masses at which there is a transition from early type galaxies that have small amounts of gas and dust in their ISM to late type galaxies that have significant gas and dust in their ISM, it is possible that the number of deeply embedded AGN would increase.
While it is unlikely that all low mass galaxies with red WISE colours are AGN that assumption can be used to place some constraints on the population. Galaxies with W1 -W2 ≥ 0.5 and W1 -W2 ≥ 0.8 at a luminosity of Mr ∼ -14.4 comprise ∼3% and ∼1% of the total number density. For the population III seed models only ∼3% and ∼1% of the black holes would, therefore, be expected to be active in these low mass galaxies because the occupation fraction is predicted to be one. For the massive seed models ∼5% and ∼2% of the galaxies would be expected to be active depending on the colour above which all of the galaxies possess embedded AGN. In both cases this still predicts a much smaller active fraction than observed in more massive galaxies (Kauffmann et al. 2003) . These numbers indicate that either there is a problem with the black hole seed models or the fraction of active black holes drop with galaxy mass even if there is a substantial population of embedded AGN residing in low mass late-type galaxies. We note that mid-IR colour selection only finds AGN that dominate the bolometric luminosity of the galaxy. It is possible that there is a significant fraction of weakly accreting and optically unidentified AGNs (Satyapal et al. 2007 (Satyapal et al. , 2008 (Satyapal et al. , 2009 ) that would not be identified through W1 -W2 colour selection.
SUMMARY
We have calculated the r-band luminosity and stellar mass functions of z < 0.1 galaxies from AllWISE and SDSS DR7 for the full population, galaxies with W1 -W2 ≥ 0.3, W1 -W2 ≥ 0.5 and W1 -W2 ≥ 0.8. We find:
(i) Galaxies with colours redder than W1 -W2 = 0.5 make up 0.6% of the galaxy population and galaxies with W1 -W2 ≥ 0.8 make up 0.04% of the galaxy population for galaxy masses 10 8 < M/M ⊙ < 10 9 . These are fairly rare, but not an insignificant fraction of the galaxies in the local universe.
(ii) Massive galaxies (M/M ⊙ > 10 10 ) with colours redder than W1 -W2 ≥ 0.5 make up 1.0% of the galaxy population and galaxies with W1 -W2 ≥ 0.8 make up 0.3% of the galaxy population in that mass range. Relative to the total galaxy population massive red galaxies are also rare in the universe.
(iii) Most (85.2%) massive (M/M ⊙ > 10 10 ) galaxies with W1 -W2 ≥ 0.8 are optically classified as AGN or composites, in agreement with the numbers in Stern et al. (2012) and Jarrett et al. (2013) and a good indicator that these colours are a good way to select massive galaxies with dusty AGN.
(iv) The physical mechanism responsible for the red colours in low mass galaxies is less clear than it is in their higher mass counterparts. An increase in the sSFR of red, low mass galaxies may point to star formation driving the heating. However, the possibility exists that in at least some cases the red colours are indicative of dust enshrouded AGN.
(v) Even in the unlikely case that all of the low mass red galaxies possess dust enshrouded AGN, both pop III and massive seed models indicate that the fraction of black holes that are active in low mass galaxies is significantly less than in more massive systems. Mpc −3 log(M ⊙ )
